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Abstract 
We have determined the nucleotide sequence of the PetM gene from the single celled alga Chlamydomonas reinhardtii. The gene 
encodes a recently characterized, small protein of the cytochrome b6f complex, and based on this sequence, it is proposed that this 
protein spans the membrane by a single a-helix. Comparison of the nucleotide sequence with the deduced amino acid sequence reveals a 
60-amino-acid presequence similar to a stroma-targeting peptide. 
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The cytochrome b6f complex is a plastoquinol-plasto- 
cyanin oxidoreductase which transfers electrons between 
the Photosystem II and Photosystem I complexes in oxy- 
genic photosynthesis. The complex is composed of four 
major subunits: cytochrome f (petA gene product), cy- 
tochrome b 6 (petB gene product), the Rieske protein 
(PetC gene product), and subunit IV (petD gene product). 
Each of these subunits is directly involved in the catalytic 
reaction, either by binding redox active cofactors, such as 
the heme groups in cytochrome b6 and cytochrome f, 
respectively, or the Fe-S group in the Rieske subunit or by 
binding the quinone substrate as with subunit IV [1-3]. In 
contrast, small integral membrane subunits which are 
thought o span the membrane as a single a-helix have 
recently been localized to the cyt b6f complex although 
these have no identified function [4,5]. The chloroplast-en- 
coded protein petG has been identified in a number of 
organisms [6,7] while the nuclear-encoded PetM has been 
identified only in spinach and the single-celled alga, 
Chlamydomonas reinhardtii [4,5]. Elimination of the petG 
protein by deletion of its gene from the chloroplast of C. 
reinhardtii results in a dramatic loss of the entire cy- 
tochrome b6f complex from thylakoid membranes [8], 
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though the precise function of petG is unknown. In an 
attempt o better characterize PetM, we present its gene 
sequence from C. reinhardtii. 
Degenerate oligonucleotides were designed correspond- 
ing to the 3'(GAA GAT CTA GAC AG(C/G) ACG 
AA(A/G) CGC AT(C/G/A)  GC(C/G/A)  AG) and 
5'(CCT TAA GCT TAT GGG (C/T)  GA GGC 
(G/C /T )GA GTT (C/T)  A) sequences, translated from 
the published PetM protein sequence [4]. The PetM gene 
was amplified from C. reinhardtii genomic DNA by PCR. 
After amplification several products were recovered, rang- 
ing in size from approximately 140 bp to 275 bp. Sequenc- 
ing revealed that the 263 bp fragment contained the ex- 
pected PetM sequence in addition to a 173 bp intron. This 
fragment was used as a probe for Southern blot analysis. 
Hybridization with the PetM PCR probe suggested that 
the PetM gene was single copy (Fig. 1). BamHI-PstI 
restriction-digested otal DNA was separated electrophoret- 
ically on a TBE-agarose gel and the 2.2-2.6 kb region was 
cut from the gel and cloned into BamHI-PstI-cut pUC 118. 
The ligation was transformed into E. coli DH5a by 
standard CaC12 methods. Colonies were screened by hy- 
bridization with the PetM PCR product and DNA from 
positive colonies was used for Southern hybridization anal- 
ysis. Those which yielded single fragments of 2.4 kb from 
a BamHI-PstI digestion and which hybridized positively 
to the PetM PCR product were used for sequence analysis. 
The sequencing strategy is seen in Fig. 2, along with the 
nucleotide sequence of PetM. 
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Fig. 1. Southern blot analysis of total DNA from C. reinhardtii. Total 
DNA was purified according to Herrin and Worley [9], digested with 
either PstI (Lane I) or BamHI (data not shown) or both BamHI/PstI 
(Lane 2), separated on a 1% TAE gel and blotted onto nitrocellulose 
using standard methods. The filter was hybridized using the 32p random- 
labeled PetM PCR. Fragments indicated are measured in kilobases (kb). 
The BamHI cut not shown gives a band of more than 12 kb. 
The PetM gene contains two introns, one of 111 bp 
within the presequence and the second of 173 bp within 
the mature protein. The three exons containing the com- 
plete PetM coding sequence, including the presequence, 
are 106, 129 and 59 bp, respectively. For verification of 
the intron splice sites, a cDNA clone from a C. reinhardt i i  
cDNA library was amplified by PCR with oligonucleotides 
corresponding to regions just 5' and 3' of the determined 
PetM coding sequence (indicated on the PetM sequence in 
Fig. 2). It was determined that both introns have consensus 
intron/exon boundaries [ 10]. A consensus polyadenlyation 
site (TGTAA) [11] is located 215 bp from the stop codon. 
Northern blot analysis indicates an RNA species of ap- 
proximately 600 bp, which would indicate a 5' start site 
approximately 50 bp from the start codon (Fig. 3). 
There are two in-frame ATG codons at the beginning of 
the PetM coding sequence with the first ATG preceded by 
an A rich region, typical of those in higher plants 
(AACAAA AUGGC of C. reinhardt i i  Pe tM gene, versus 
consensus of AACA AUGGC)  [13]. The placement of the 
initial AUG at this first position, gives an N-terminal 
presequence of 60 amino acids long to give total mass to 
the preprocessed protein at 11 762 Da. 
The presequence resembles that of a stromal-targeting 
peptide with its short uncharged N-terminal region and a 
central region rich in alanine, arginine and serine that may 
form a positively charged amphiphilic a-helix [14]. The 
amino acids (A M I A) just prior to the mature protein do 
not match the loosely defined consensus site (V / I )  X 
(A /C)A ,  found in several chloroplast transit peptides [15]. 
It would be possible to assign a processing site to the 
amino acids 25-28 (V A A A), but the resulting 'thylakoid 
transfer peptide' following the processing site would not 
contain an uninterrupted hydrophobic stretch of amino 
acids, typically seen in this second domain which directs 
nuclear-encoded proteins to the thylakoid membrane, where 
PetM is located. It is not surprising, on the other hand, that 
the transit peptide of this membrane bound protein would 
consist of only a stromal-targeting domain as several nu- 
clear-encoded thylakoid proteins, for example, LHCII 
[16,17], have only stromal-targeting presequences and uti- 
lize a segment of the mature protein to direct the protein to 
the membrane. 
The mature protein has 39 amino acid residues and a 
molecular mass of 4720 Da. This is in agreement with the 
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B,  1 C~TC~TACGGTGAGGATGGCCCTCGCCCC~GGATA~CC~GGGCTTGACTGT 
61 CTCACCACGCTTC~GTAGTCCACCGA~CCGTACTTCTTCTATAC~GACC~C/~T 
121 GGCCATGTCCATCGCTGCTCGCTCGGCTTGCTGCGGCGTC~TGC~CCCGCA~TCGAC 
A M S I A A R S A C C G V A A P R S S T  
181 CGTCCGCGTCGCT~TGCCCGGCCAGCTGTCCGCCCGTCCCTCA~T~TTAGTTGGTAT 
V R V A A A R P A V R P S L R  
241 GATCAGTCAGCGCAGCAGCGTC~G~GATGCCTCCGA~AGCGCTCGGGCAACGA 
301 TTTGAGGCTGAATTGTGGGTCTCTACTGCGCACAGGACC~CGGCCAG~GGCTGCCCCC 
T A G Q K A A P  
361 AGCCGCGGTGTGGCCACC~GGCCGTG~C~GCTGGCCAT~TTGCCGGCGAGGCT~G 
S R G V A T K A V N E L A M I A ~ E A E  
421 TTCATTGCTG~ACCGCCCTGACCATGGTCGGCATGACCCTGGTGGTGAGA~GGCTGCT 
F I A G T A L T M V G M T L V  
481 GACCAGGGTCGCTGCGGTAGTTTTGCCAGCTCA~TATGTC~CGGGTACTTACTATT 
541 T~G~C~C~GGGAGGAGTCCGGCAGCGTTCAGCCGCTCCTCC~C~TCGGAC~TC 
601 TTTATTTGCTTGCGCTTATCGTC~CTGATCTTC~T~TTC~TC~TTGG 
G L A I G  
661 CTTCGTGCTGCTGCGCGTG~GTCTCT~TT~GGAGGGC~GATCT~GCTCGCTCAGT 
F V L L R V E S L V E E G K I  
721 ACTCGTGTCCTTGTGTGGGTCTG~TTTGAGAA~GTGGGGTTCGGGGACTGTTCKGC 
781 CACCGGCGTT~GTGCTGACCACGCTGGTCAC~CGTCGGATTGGCCGGGGCACGCAGGG 
841 CGTGATTTTCGGGGCACGTC~CTCC~GGGGGA~G~GC~CCTGCCGATGCGCGGTT 
901 TTTGCCACGATTCAGCGCC~TTGT~CGCCGC~CTGCCATCAGTCCTC~TTTCTTCA 
961 TCATGTAG~CCTCC~GG~GCACTCAGCAGGA~TCTTGGG~CAGTTT~CT 
Fig. 2. (A) Sequencing strategy used ~r  the PetM gene. Hatched boxes 
represent e×on regions with the initiation ATG and termination TCT  
indicated. (B) Nucleotide sequence of the coding strand of the PetM 
gene. The deduced amino acid sequence is indicated beneath the nu- 
cleotide sequence with the beginning of the mature protein indicated by 
the a~ow. Intron/exon splice sites we boldNced; the polyadenylation 
signal is double-underlined. Primers used to ampli~ cDNA sequences are 
indicated by a~ows above the co~esponding ucleotide sequence. 
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apparent molecular mass of the mature chloroplast petM 
protein of 4.0-4.5 kDa, estimated by gel electrophoresis 
[4,51. 
A stretch of 24 non-polar amino acids within the mature 
protein indicates a single membrane-spanning helix which 
is anchored by the presence of charged amino acids on 
either side of the helix, as indicated by the hydropathy plot 
in Fig. 4. The hydrophobic haracter of the protein con- 
forms to experimental evidence of Schmidt and Malkin 
which suggests that the protein is membrane-bound. The 
more positive character of the C-terminus than the N- 
terminus ( -1  versus -2 ,  respectively) would orient the 
C-terminal end of PetM in the thylakoid lumen, according 
to the 'positive-inside rule' of Von Heijne [18]. 
It is interesting to note that Schmidt and Malkin [4] 
identified a similar protein in spinach, which would sug- 
gest, as with petG, that this small protein is well conserved 
in evolutionary distant photosynthetic organisms and would 
likely be an essential component for the cytochrome b6f 
complex. We are now searching for the protein in cyano- 
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Fig. 4. Hydropathy plot of the PetM mature protein sequence. The initial 
amino acid is the glycine residue marked by the carot on the sequence 
map of Fig. 2. The averaging window was 11 residues and positive values 
represent more hydrophobic amino acids. The plot shows evidence for the 
presence of a membrane spanning helix, anchored through the membrane 
by charged ends. 
bacteria to determine whether this can be extended to 
simpler prokaryotic photosynthetic organisms. 
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Fig. 3. Northern blot analysis of RNA from C. reinhardtii. RNA was 
isolated according to Rochaix et al. [12], separated on a Hepes-formamide 
gel, blotted onto nitrocellulose and hybridized with the 32 p random-labeled 
BarnHI-PstI PetM genomic clone, using standard methods. Poly(A) + 
RNA was isolated using a Poly-T column from Bethesda Research 
Laboratories (Bethesda, MD). Size markers indicated are in kb. Lane (1) 
0.5 /xg poly(A) + RNA; (2) 1.0 /xg poly(A) + RNA; (3) 5.0 /xg total 
RNA; (4) 10.0 /xg poly(A)- RNA. 
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